ABSTRACT
INTRODUCTION
Ionizing radiation can produce various types of DNA lesions such as base and sugar modifications, strand breaks and cross links. The nature of the base damage has been extensively studied during the last years and many types of base modifications have been unambiguously determined (1) (2) (3) . Although these studies provided a large amount of information on damage formation, the role played by radiation-induced base lesions in carcinogenesis and mutagenesis is poorly understood. Free radicals generated by ionizing radiation produce a large spectrum of DNA lesions. Biochemical and genetic analysis of the mutagenic process is easier when a single modified base is introduced in a defined position into DNA. In this way, a direct relationship can be established between mutagenic effect and damaged structure.
7,8-Dihydro-8-oxoadenine (oxoA) was the first identified major radiation product resulting from the degradation of adenine under the action of y rays (4, 5) . This radiation product has been improperly named 8-hydroxyadenine. Infrared studies showed that this product was predominantly in the keto form. Other radiation products such as 5-azauracil, cyanuric acid, parabanic acid, cyanoformamidine, formylurea, urea, biuret, triuret were found, but in lesser quantities (6, 7) . It was further shown that ionizing irradiation of 2'-deoxyadenosine gave rise to 7,8-dihydro-8-oxo-2'-deoxyadenosine and that this product exhibited the syn conformation (8, 9) . E. coli DNA selectively 14 C labeled in the adenine moiety was submitted to the action of ionizing radiation in solution. The modified bases 4,6-dihydro-5-formamidopyrimidine and 7,8-dihydro-8-oxoadenine, were cleaved from the DNA chain by mild acid hydrolysis, separated by HPLC and measured as a function of the applied dose (10) . Antibodies were specifically elicited against oxoA (11) . The capillary gas chromatography-mass spectrometry method (GC-MS) confirmed the presence of oxoA among the radiation products of calf thymus DNA (12, 13) . The formation of 7,8-dihydro-8-oxoadenine in DNA chain is induced by the hydroxyl radicals produced by the action of ionizing radiation and is linear against the applied dose in the range 1-100 Gray (10) . A G-value of 0.12 has been observed (11) . So far, oxoA has not been identified in cellular DNA after irradiation but its presence is highly probable.
To determine whether the 7,8-dihydro-8-oxoadenine is misread during in vitro DNA replication, this defect has been introduced into oligonucleotides by chemical synthesis. We have shown that Taq DNA polymerase directs the insertion of thymine opposite oxoA. In order to gain some insight into the reasons for this preferential insertion, we have analysed by NMR the consequences of the base modification upon the pairing scheme and the helix conformation of the DNA duplex containing oxoA opposite T.
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MATERIAL AND METHODS Reagents
Non radioactive deoxynucleoside triphosphates and dideoxynucleoside triphosphates were purchased from Boehringer. (7- 32 P) ATP (3000 Ci/mmol) was from NEN. T4 polynucleotide kinase and E. coli DNA polymerase I (Klenow fragment) were purchased from Boehringer. Taq DNA polymerase was from Perkin Elmer Cetus.
Synthesis of Modified Oligonucleotides and Primer Template annpnling
Chemical synthesis and characterization of oligonucleotides containing 7,8-dihydro-8-oxoadenine (oxoA) have been described elsewhere (14) . The sequences of the oligonucleotides which have been chosen as templates and primers for enzymatic polymerisation reactions are given in table 1.
They were synthesized with the phenoxyacetyl nucleoside phosphoramidites because they have protecting groups of the amino function which are alkali labile and imperfect deprotection by ammonia treatment is thought to be one of the reasons of chain termination when oligonucleotides are read by DNA polymerases. All oligonucleotides were purified by HPLC and denaturing polyacrylamide gel electrophoresis and checked for purity by electrophoresis after 5'-end labeling with T4 polynucleotide kinase and (->-32 P) ATP (15) . HPLC analysis of the deoxynucleosides mixture obtained from endonuclease and alkaline phosphatase digestion of the modified oligonucleotides showed incorporation of 7,8-dihydro-8-oxoadenine (14) . Localisation of the oxidized adenine was confirmed in different ways. The bands obtained by the Maxam and Gilbert method (16) on polyacrylamide gel electrophoresis exhibit a small migration difference between the normal and the modified oligonucleotides at the level of 7,8-dihydro-8-oxoadenine. The position of the defect was confirmed by g irradiation of the modified oligonucleotide and piperidine heating followed by PAGE electrophoresis (17) . The samples were irradiated with a ^o gamma source (dose rate 100 Gy/min) in aerated aqueous solutions supplemented by 10~3 M of the mixture of the four oligonucleotides dAMP, dCMP, dTMP, dGMP at doses ranging from 0 to 1600 Gy. 7,8-Dihydro-8-oxoadenine is more radiosensitive than adenine and appears on autoradiograms as a very dark spot. Oligonucleotide concentrations were measured spectrophotometrically (1 OD = 20 /tg/ml) and the specific radioactivity was determined by measuring the incorporation of ( 7 -32 P) ATP.
Primer Template Annealing 10 pmol of each DNA template were annealed with 10 pmol of the complementary 5'-end 32 P labeled primer in buffer containing 20 mM Tris-HCl (pH = 8), 5 mM MgCl 2 , 0.1 mM EDTA. The primer-template solution was incubated at 80°C for 3 min., then cooled slowly to room temperature for at least 2 hr.
DNA Polymerase Assays
Primer elongation by the Klenow fragment was carried out at 25°C in a buffer containing 50 mM Tris-HCl (pH=7.6), 8 
DNA amplification
The dried products were suspended in 50 /il of H 2 O. Aliquots of 5 /d (about 0.1 pmol) of the accumulated templates were added to a mixture of the two amplification primers 2b and 2c present in a ratio of 5 pmol to 0.5 pmol (or conversely) in order to produce the expected single stranded DNA (18) . Polymerase chain reaction was carried out in a final volume of 50 /d of Taq DNA polymerase buffer in the presence of 1 U of Taq enzyme for 25 cycles of amplification as described above.
NMR spectra
The duplex was 4 mM in strand concentration dissolved in 10 mM phosphate buffer, pH 7.4 (unless otherwise stated), 150 mM NaCl and 0.2 mM EDTA. Chemical shifts were measured relative to the internal reference tetramethylammonium chloride, 3.18 ppm. NMR spectra were recorded on either WM500 or AM600 spectrometers. NOESY spectra were recorded with mixing times of 60 and 400 ms in D 2 O and 200 ms in H 2 O, in the phase sensitive mode (19) . Typically 256 tj increments were recorded. After zero filling the data were multiplied by a slightly shifted sine bell function in both dimensions except for the short mixing time experiments. For these the data were multiplied by a sine bell shifted by *72 prior to Fourier transformation. For both 1-dimensional and 2-dimensional spectra in H 2 O the observation pulse was replaced by a jump and return sequence (20) with the pulse maximum placed at 15 ppm. The TOCSY spectrum was recorded in the phase sensitive mode (21) with a 25 ms mixing time.
RESULTS AND DISCUSSION
Template directed DNA synthesis: 7,8-dihydro-8-oxoadenlne does not block in vitro DNA synthesis The ability of the Klenow fragment to extend a primer annealed with a template bearing 7,8-dihydro-8-oxoadenine has been investigated. The primers were ^P-labeled at their 5'-end so that extended by a single nucleotide they could be observed as discrete bands on the autoradiograms of sequencing polyacrylamide gel electrophoresis. Since the primer is ^P-S'-end labeled, the gel electrophoresis bands intensities are proportional to the number of molecules that terminates their synthesis at any given position of the template. Figure 1 shows the denaturing polyacrylamide gel electrophoresis bands obtained by elongation of the primer lb in the presence of the templates la (normal template) and Ix (template containing oxoA) after 5 min of incubation and with equimolar concentrations 40 /tM of the four natural deoxynucleoside triphosphates. In these conditions the maximum yield is obtained. As it can be observed on Figure 1 only a very low chain termination, opposite 7,8-dihydro-8-oxoadenine could be observed. Readthroughs giving rise to full-length products were observed for both templates tested.
Nature of the base incorporated opposite 7,8-dlhydro-8-oxoadenlne
Polymerase chain reaction was used to determine the nature of the base inserted opposite oxoA with Taq DNA polymerase. The oligonucleotide 2x and two primers 19 nucleotides long 2b and 2c, flanking both ends of the template were used in the amplification. An excess of one DNA strand was produced by using unequal amounts of the two primers (18) . This excess strand was 32 P-labeled with polynucleotide kinase and 32 P-ATP and sequenced by the Maxam and Gilbert procedure (16) . The autoradiogram of the sequencing gel electrophoresis shows the presence of A in place of oxoA which means that oxoA directs the incorporation of thy mine (data non shown). To confirm the result another part of the excess strand was sequenced by the dideoxynucleotide method. The experiment confirmed that oxoA was replaced by adenine in the sequence and therefore that oxoA directed the incorporation of thymine (Figure 2) .
It can be concluded that for the large majority of events, oxoA directs the incorporation of thymine. synthesis account for the chain termination and the nature of the base inserted opposite the defect ? To adress this question, in parallel to studies concerning the copy of the oligonucleotide containing the defect by DNA polymerase, data concerning the structure of the resulting DNA duplex have to be obtained. The conformation of a DNA duplex bearing 7,8-dihydro-8-oxoadenine in a sequence identical to that surrounding the damage in template 2x has been investigated by 'H-NMR. In comparison to X-rays studies, a major advantage is that the analysis of the duplex is performed in aqueous solution, the conformation being very sensitive to the water molecules surrounding the biopolymer.
Assignment by ^-NMR of nonexchangeable protons
The following duplex was investigated:
where X was oxoA. In order to assign the base and most of the sugar protons we have recorded NOESY and TOCSY spectra. The general principles and strategy for the sequential assignment of proton spectra of oligonucleotides have been described in detail (22, 25) . The H6H8/H1'H5 region of the 400 ms NOESY spectrum is shown in Figure 3 . Although the HI' resonances of the 5'-terminal C residues are coincident at 5.72 ppm the connectivities for the two strands are easily distinguished as the starting sequences are 5'-CGC and 5'-CGT, respectively. The sequential connectivities C1-G9 can be followed without ambiguity. We observe for this strand three interbase cross peaks, G2(H8)-C3(H5), T5(H6>C6(H5) and A7(H8)-C8(H5), peaks A, B, C, respectively.
For the other strand the connectivities can be followed from C10 to G13. The 3'-terminal G residue, G18, is found at 7.90 ppm from which the connectivities to T15 can be followed. The T15(H6) proton shows an interresidue crosspeak with an HI' resonance at 5.81 ppm which must be assigned to that of the oxoA residue. One interbase crosspeak is observed, that between G16(H8) and C17(H5), peak D. The assignment given in Figure 3 is confirmed by the interresidue cross peaks observed in the region H6H8/H2'H2"CH 3 of the same spectrum (data non shown).
The volumes of the cross peaks in a NOESY spectrum recorded with a 400 ms mixing time are strongly influenced by spin diffusion. To better visualize the consequences of incorporation of oxoA into the oligonucleotide we recorded a NOESY spectrum with a mixing time of 60 ms. The region H6 H8/H2'H2" CH 3 is shown in Figure 4 . Contour plot levels are separated on a logarithmic scale. The magnitudes of the intra-and interresidue cross peaks are consistent with a regular B form structure. The spectrum at 60 ms also provides the relative assignment of the H2' and H2" resonances (from the H1'-H2'H2" region, not shown) as well as the H3' resonances. We observe that the H2' resonances are found to higher field relative to their corresponding H2" protons, except for the 3' terminal G residues and also that inversion is observed for oxoA14. The resonance assignment is confirmed by the TOCSY spectrum (not shown).
Assignment of exchangeable protons
To further investigate the conformation of and around the oxoA-T base pair we have recorded spectra in H 2 O. The ID spectrum recorded at pH 6.0 is shown in Figure 5 . On titrating the duplex from pH 7.4 to pH 6.0 no changes were observed in the aromatic part of the spectrum, indicating that no structural or conformational change had occured. In the region 12 to 14 ppm we observe seven resonances, one of which integrates for three protons, indicating nine imino resonances for the nine base pairs. An additional exchangeable proton resonance, somewhat broader than those further downfield, is found at 10.2 ppm.
We have recorded a NOESY spectrum in H 2 O with a mixing time of 200 ms. Part of the spectrum is shown in Figure 6 . We can follow the imino-imino connectivities through seven base pairs. The resonances of the imino protons of the terminal base pairs are strongly attenuated in the first matrix file. We do not observe any cross peaks with the resonance at 10.2 ppm.
The region showing interactions between imino protons and amino or H2 protons is also shown. All three T imino protons show strong cross peaks with the A(H2) resonance of the base pair, including the modified A at 13.26 ppm. This shows that the oxoA(H2) must lie in the minor groove and that the base is not turned around. This is confirmed by the observation of an NOE between the G13 imino proton and oxoA(H2).
The assignment of the C amino hydrogen bonded protons (8.0 to 8.5 ppm) and non-hydrogen bonded protons (6.5 to 7.0 ppm) corresponding to the five G-C base pairs for which the imino proton is observed in this spectrum is indicated in Figure 6 . Several cross peaks remain unassigned. Two, which are observed from an imino proton at 13.04 ppm, are those of the terminal Cl residue. Also, weak cross peaks are observed between the Gil imino proton and the C10 amino protons. From all three T imino protons we observe NOEs to adjacent C amino protons as indicated. The two additional cross peaks with T12 must arise from A7 amino protons. One additional cross peak is observed from each of T5 and T15. In each case the second cross peak may be masked by the interaction imino-H2 or imino proton with the hydrogen bonded amino proton of a C. In the aromatic region we observe (not shown) the cross peaks between the amino protons of the A, oxoA and also C residues thus identifiying the position of the hydrogen bonded protons. As stated above we do not observe cross peaks with the resonance at 10.2 ppm. We have recorded a ID NOE difference spectrum which is shown in Figure 5 . Only one NOE is observed to an imino proton, that of the oxoA-T base pair. This must be the result of spin diffusion. The strongest NOE is that with the methyl group of T15, suggesting that the 10.2 ppm resonance corresponds to the N7H of oxoA. In this region we also observe small NOEs to the G13(H2'H2") protons. To low field of the residual H 2 O resonance we observe NOEs to the oxoA non hydrogen bonded amino proton resonance at 6.56 ppm, to the G13(H8) resonance at 7.94 ppm and to a resonance at 8.3 ppm which corresponds to the oxoA hydrogen bonded amino proton. The NOE observed at 6.56 ppm is, in reality, a strong interaction as the observed signal is ca. 70% attenuated by the water suppression pulse.
Confonnationa] study of and around the oxoA14-T5 base pair
The intra and interresidue NOEs observed in Figures 3 and 4 show that the strand containing T5 adopts a normal B helix form. For the oxoA strand the chain of connectivities is broken due to the absence of a nonexchangeable proton at position 8 of oxoA. However, we observe normal interresidue NOEs between T5(H6) and the sugar protons of oxoA. Qualitatively we can say that this sugar occupies a normal position in the helix.
Two possibilities exist for the orientation of the oxoA base: (i) it could be in an anti conformation with Watson-Crick pairing to T5 or (ii) it could be in a syn conformation with Hoogsteen pairing to T5. The latter would also require that the oxoA be in the enol form (see below). We observe, Figure 5 , NOEs of similar magnitude between the imino proton of G13 and the H2 protons of oxoA14 and A7. This shows clearly that the oxoA14 must be oriented anti. For Hoogsteen pairing interaction of the H2 proton with the imino proton of G13 would be impossible. We would rather expect to see NOEs between the H2 and sugar protons of G13 which we do not observe.
Tautomeric form of oxoA
It has been reported (8) that the oxoA monomer exists predominantly in the keto form with the proton on the N7 of oxoA; but incorporation into a DNA double helix could change this. We observe an exchangeable proton resonance at 10.2 ppm which must belong to the oxoA base. The chemical shift is similar to that observed for imino protons of unpaired bases (26, 27) . We would expect to find an enol proton at higher field. The observed NOEs in Figure 6 confirm this assignment. We observe NOEs to the oxoA amino protons which are expected for a proton on N7, but not for a C8OH structure. Also, for the latter, we would expect strong NOEs to protons of the deoxyribose of oxoA which we do not observe. We can conclude that the oxoA base exists predominantly in the keto form and is well accomodated in a standard B form double helix.
